Xenon has many characteristics of an ideal anaesthetic agent. It is not known whether xenon is a safe alternative to the potent inhalational anaesthetics in patients susceptible to malignant hyperthermia (MH). We investigated the effect of xenon, halothane and caffeine on muscle specimens of 31 individuals, referred to the MH Unit of the University of Ulm, and performed genetic epidemiology. Thirteen individuals were classified as MH susceptible and 18 as MH negative. Xenon 70% did not cause an increase in baseline tension of any MH-susceptible muscle specimen in contrast to halothane and caffeine. The evoked twitch response increased transiently in MH-susceptible and normal specimens indicating a mechanism independent of MH susceptibility. These results suggest that xenon, in concentrations up to 70% may be a safe anaesthetic for MH-susceptible patients.
Malignant hyperthermia (MH) is an autosomal dominant, pharmacogenetic disorder of skeletal muscle. First recognized in 1960,1 MH is triggered by volatile anaesthetics and depolarizing muscle relaxants leading to a life-threatening hypermetabolic state/ with a clinical age-dependent incidence of ranging from 1 in 3000 to 1 in 100 000 anaesthetics.f'
The main causative gene (RYR1) encodes the high molecular weight ligand-gated calcium channel, the ryanodine receptor type 1 67 located in the sarcoplasmic reticulum (SR). Over 20 mutations have been reported in the RYR1 gene on chromosome 19q12-13.2, accounting for approximately 20% of all cases. By linkage, more than 50% of families are linked to RYR1 89 indicating that many mutations are unidentified. Two mutations in the gene on chromosome 1q encoding the aI-subunit of the skeletal muscle dihydropyridine receptor (DHPR) have also been described, each in a single pedigree (for review see 10) .In the muscle, volatile anaesthetics cause an increase in myoplasmic calcium concentration11 leading to muscle contracture and hypermetabolism. These effects are utilized in the in-vitro contracture test (IVCT) 12, the diagnostic gold standard. 13 Since 1939 the inert gases have been known to exert anaesthetic properties at hyperbaric pressure. 14 In addition, xenon produces anaesthesia at atmospheric pressure.P Xenon was first used for anaesthesia in man in 1951. 16 It causes no significant increases in plasma catecholamine concentrations or adverse effects on myocardial function. 17 With a minimum alveolar concentration (MAC) of 71%, it is more potent than nitrous oxide (MAC 105%) and its very low blood/gas solubility coefficient (0.14 vs 0.47 of N 2 0 ) leads to rapid induction and recovery from anaesthesia. However, its high cost has prevented its use in routine clinical practice. The development of recycling devices, closed circuit anaesthesia systems, new preparations, such as lipid-bound i.v. solutions, and the decrease in cost of xenon indicate that this may change. 18 One possible use is as an alternative to potent inhalational anaesthetics in MHsusceptible patients. To test the potential of xenon to trigger MH, we investigated the effect of xenon on muscle specimens of MH-susceptible patients and normal individuals in the IVCT.
Methods
With approval by the Ethics Committee of the University of Ulm, 31 patients referred to the MH Unit of the University of Ulm for assessment of MH susceptibility, consented to tPresented in part at the 10th European Congress of Anaesthesio1ogy, Frankfurt/Main, Germany, June 30-July 4, 1998. .s participate in this study. The patients belonged to 28 nonrelated families. No patient had a clinically evident, neuromuscular disease.
In vitro contracture test
Muscle bundles were excised from the quadriceps muscle under regional anaesthesia (3 in I-block: 1% prilocaine plus 0.5% bupivacaine). The IVCT was performed on viable muscle fascicles (twitch response to supramaximal electrical stimulation~10 mN) according to the European MH Group protocol.l'' Muscle strips were stretched to 150% of their initial length and electrically stimulated (frequency 0.2 Hz, square pulse, I ms duration). After equilibration, administration of halothane (cumulative: 0.5, 1,2,3, and 4% v/v equivalent to muscle bath concentrations of 0.11, 0.22, 0.44, 0.66 and 0.88 mM) or caffeine (cumulative: 0.5, 1.0, 1.5, 2.0, 3.0, 4.0 and 32 mM) was started and the baseline tension prior to drug application and at each drug concentration was measured continuously using a force transducer (Fa. RS Biomed Tech, Sinzing, Germany). The halothane concentration was increased at 3-min intervals and monitored by infrared spectroscopy (Iris, Draeger, Luebeck, Germany). Additionally, the concentrations of halothane in the muscle bath were checked by gas chromatography. Caffeine was added cumulatively for each concentration (3 min) from a freshly prepared and warmed stock solution (100 mM at 37°C). The concentration of caffeine in the bath solution was determined by UV-spectrophotometry. MH status was assigned according to the European MH group protocol: MHS (MH susceptible) muscle showed abnormal contractures of~2 mN in at least one muscle specimen exposed to halothane~2 mM and one exposed to caffeinẽ 2 mM, MHE (MH equivocal) only to halothane (MHEh) or caffeine (MHEc) and MHN (normal) muscle strips showed no abnormal response.
Xenon test
A xenon test was performed with one or two viable and supernumerary muscle strips of each individual tested by the standard IVCT. Xenon was obtained from MesserGriesheim (Duisburg, Germany) in a composition of 70% xenon, 25% oxygen and 5% carbon dioxide which, by its buffering capacities, plays an important role in stabilizing the pH of the bath solution. The preparation, stretching and stimulation of the muscle bundles were done as described for the dignostic IVCT. After equilibration of the muscle bundle (a baseline tension decrease of <2 mN over 10 min) the gassing mixture was switched from carboxygen (95% oxygen, 5% carbon dioxide) to the xenon mixture for 10 min. Baseline tension and evoked twitch force were recorded continuously. Genetic testing
All families were tested for the following mutations on the RYR1 gene by restriction enzyme analysis or single strand conformation analysis (SSCA) on genomic DNA according to the methods of Brandt and co-workersr'" Cys35Arg, Arg163Cys, Gly248Arg, Gly341Arg, Ile403Met, Tyr522-Ser, Arg533His, Arg552Trp, Arg614Cys, Arg614Leu, Arg2163Cys, Arg2163His, Arg2163Pro, Va12168Met, Thr2206Met, Thr2206Arg, Gly2434Arg, Arg2435His, Arg2435Leu, Arg2454His, Arg2454Cys, Arg2458Cys and Arg2458His. Additionally, all families were screened for the presence of the Arg1068His and Arg1086Cys mutations in the gene encoding the aI-subunit of the L-type voltagedependent calcium channel (dihydropyridine receptor, DHPR). Each patient from a family with a known mutation was individually tested for the presence of this mutation. Genomic DNA was isolated from blood preserved in ethylenediamintetraacetic acid.
Statistics
The increase in evoked twitch force is presented as the percentage change in comparison to the force before application of the test agents (predrug vs postdrug value).
A contracture was determined as the change in baseline tension from the lowest value reached during the test. 
Results
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Typical IVCT traces for halothane and caffeine are plotted in Figure I . During exposure to either substance, the MHS strips initially show a more pronounced evoked twitch force increase compared to MHN, but reach a plateau and then decrease due to the development of contractures. The evoked twitch force in MHN specimens, in the absence of contractures, increases with increasing drug concentration ( Figure 2 ). The medians and interquartile ranges of the contractures in the 13 MHS and 18 MHN individuals are presented in Table 1 .
Xenon test
Following application of 70% xenon, no increase in baseline tension, i.e. contracture, was observed in muscle specimens of MHS patients or MHN individuals (Table I) . The evoked twitch force, however, showed a slight, but transient increase compared to the predrug force which was more pronounced in muscle specimens of MHS patients than of MHN individuals: the median of the maximal increase was 56.7% and 33.5%, respectively ( Table 1) . To demonstrate the viability of MHS specimens used in the xenon tests, 3% halothane was administered after discontinuation of xenon and was found to cause a contracture in all cases (Fig. 3c) .
Genetic testing
Screening of the 28 families for all known RYR I and two DHPR mutations (oq-subunit) revealed the Gly2434Arg mutation in three MHS patients, belonging to two unrelated families, and the Arg614Cys mutation in two unrelated patients. All of these patients had a positive IVCT result (MHS). No other mutation could be detected.
Discussion
Contractures in the IVCT are induced by increases of myoplasmic calcium and therefore represent a simple in vitro model for testing the potential of anaesthetic agents to trigger an MH episode. Therefore, if xenon also causes a pathological increase in myoplasmic calcium, contractures in the IVCT should be expected. However, in our investigations, we found no contractures in either muscle strips of MH susceptible patients or in normal individuals despite proof of contracture responsiveness of the tested MHS bundles. Four of the 11 tested MHS families (36%) carried one of the two most common RYRI mutations (Arg614Cys or Gly2434Arg). This frequency of mutations in the investigated patients corresponds to those previously reported.l" The samples tested may therefore be considered representative of the MH population.
The application of all three test agents increased the evoked twitch force in the IVCT, a phenomenon presumably due to slight, but controllable elevation of sarcoplasmic calcium release.r'' Remarkably, this effect is consistently more pronounced in MHS specimens than in MHN, but the increase induced by xenon in its maximal clinically applied dose is significantly smaller than that observed with either halothane or caffeine. The evoked twitch force increase on application of xenon indicates the substance readily penetrates the muscle strip and lack of penetration is unlikely to be the reason for lack of contracture in response to xenon. Recently, xenon was shown to inhibit plasma membrane calcium-ATPase (PMCA) leading to increased resting [Ca 2 +] i, enhanced peak [Ca 2 +L, and delayed reuptake following stimulation in brain tissue.v' As an increase in intracellular calcium in skeletal muscle could lead to an increase in muscle force and as PMCA is also present in skeletal muscle, this mechanism, independent of RYR1, could be responsible for the observed evoked twitch force increase in accordance with earlier findings of passive nonryanodine receptor-mediated calcium release in MH. 22 In vivo effects of xenon on MH susceptible patients have not yet been tested. In an animal model of MH, the purebred Landrace, Pietrain and Poland China pigs, 23 Froeba and coworkers 24 have demonstrated the complete absence of any haemodynamic, gas-exchange or metabolic response indicative of MH during 2 h of xenon administration. In contrast, in all animals the subsequent administration of halothane initiated fatal MH episodes. Considering the results of the in vivo experiments in the pig model and the in vitro results in humans, it is reasonable to conclude that xenon (up to 70%) will not trigger MH during anaesthesia in man.
